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Abstract

Chinese hamster ovary (CHO) cells are the most commonly used host cell lines for therapeutic protein production. Exposure
of these cells to highly concentrated feed solution during fed-batch cultivation can lead to a non-physiological increase in
osmolality (> 300 mOsm/kg) that affects cell physiology, morphology, and proteome. As addressed in previous studies (and
indeed, as recently addressed in our research), hyperosmolalities of up to 545 mOsm/kg force cells to abort proliferation and
gradually increase their volume—almost tripling it. At the same time, CHO cells also show a significant hyperosmolality-
dependent increase in mitochondrial activity. To gain deeper insight into the molecular mechanisms that are involved in these
processes, as detailed in this paper, we performed a comparative quantitative label-free proteome study of hyperosmolality-
exposed CHO cells compared with control cells. Our analysis revealed differentially expressed key proteins that mediate
mitochondrial activation, oxidative stress amelioration, and cell cycle progression. Our studies also demonstrate a previously
unknown effect: the strong regulation of proteins can alter both cell membrane stiffness and permeability. For example, we
observed that three types of septins (filamentous proteins that form diffusion barriers in the cell) became strongly up-regulated
in response to hyperosmolality in the experimental setup. Overall, these new observations correlate well with recent CHO-
based fluxome and transcriptome studies, and reveal additional unknown proteins involved in the response to hyperosmotic
pressure by over-concentrated feed in mammalian cells.

Key points

o First-time comparative proteome analysis of CHO cells exposed to over-concentrated feed.
e Discovery of membrane barrier-forming proteins up-regulation under hyperosmolality.

e Description of mitochondrial and protein chaperones activation in treated cells.
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Introduction

The biopharmaceutical and biotechnological importance
of CHO cells is indisputable. Their robust growth in
suspension, their relatively easy genetic manipulation, and
their capacity for protein folding and post-translational
modification make them the preferred expression system
across a wide variety of biopharmaceutical products
(Sharker and Rahman 2020).

To achieve maximum cell density and product titer, CHO
cells are typically cultivated in a fed-batch mode, with either
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continuous or bolus feed addition. The feed used is a highly
concentrated nutrient solution, which may cause an increase
in osmolality within the culture. Exposure of CHO cells to
hyperosmolality can lead to substantial adaptation effects
(such as decreased proliferation), but also to an unexpected
increase in cell size. This effect has been widely observed
and reported in the relevant literature (Kiehl et al. 2011; Pan
et al. 2017; Takagi et al. 2000). In previous research, we have
also shown that a step-wise increase in osmolality during
fed-batch cultivation not only terminates cell proliferation
and leads to the cell size increase, but also causes significant
hyperosmolality-dependent mitochondrial activation without
concomitant apoptosis induction (Romanova et al. 2021).
The most common reagent in hyperosmolar studies is
NaCl (Han et al. 2010; Kiehl et al. 2011; Lee et al. 2017; Lin
etal. 1999). It is not inert with respect to cells—in addition to
osmotic effects, it can also cause specific metabolic changes
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(Dmitrieva et al. 2011; Kultz and Chakravarty 2001) that should
ideally be avoided. Indeed, even some substances that were pre-
viously considered to be inert with respect to cells (such as
sucrose or maltose) have recently been shown to actually be
consumed and processed (Leong et al. 2018). There are also
substances whose status is not yet confirmed with certainty:
for example, it remains presently unknown whether mannitol or
L-glucose used as an osmotic control may have as-yet unknown
effects on the cell. Moreover, these substances are absent in
typical industrially used feed or growth medium. Surveying all
of these different considerations, we decided to focus our atten-
tion on the modulation of osmolality in culture by adding an
industrially relevant, oversupplemented feed. Here, D-glucose
serves as the main component to control osmolality. A previous
study by Madonna et al. (2016) compared the effects of incuba-
tion with high-D-glucose, high-mannitol, high-L-glucose, and
high-NaCl media on human endothelial cells. In that study, the
authors found a comparable increase in osmolality-specific pro-
tein expression—suggesting that a high concentration of all of
those solutes may induce similar molecular responses.

The cellular response to hyperosmolality has been a
focus of recent CHO-based fluxome (Pan et al. 2017) and
transcriptome (Bedoya-Loépez et al. 2016; Pan et al. 2019;
Shen et al. 2010) studies. Having said that, the most recent
proteome study dates all the way back to 2003 (Lee et al.
2003)—when a total of twenty-three different proteins
were identified by two-dimensional gel electrophoresis and
mass spectrometry identification, but only three of them
appeared to show significant expression levels dependent on
hyperosmolality. Since that time, rapid technological advances
in mass spectrometry equipment and data evaluation/mining
capabilities as a basis for large-scale CHO-specific proteomic
analyses (Baycin-Hizal et al. 2012; Geiger et al. 2012; Heftner
et al. 2020; Schelletter et al. 2019) have dramatically changed
the depth, precision, and propensity for protein identification of
proteome studies. Harnessing those technology advancements,
in this paper, we describe the results of much more recent
analysis of comparative proteomes based on nano-scale
liquid chromatography-electrospray ionization tandem mass
spectrometry (nLC-ESI-MS/MS) measurements that reveal
new adaptation effects to hyperosmolality in CHO cells at the
proteome level.

Materials and methods

Experimental setup

A detailed description of cell culture maintenance and exper-
imental setup for fed-batch cultivation has been detailed at
length in previous studies (Romanova et al. 2021). In brief,

however, in our work covered in this paper, we studied the
effects of high-osmolality feeding on suspension-adapted,
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antibody-producing CHO DP-12 clone#1934 (ATCC CRL-
12445) cells.

For this purpose, we cultivated the cells in shaking flasks
with at least three biological replicates per condition. For
fed-batch cultivation, cells were seeded at a starting via-
ble cell density (VCD) of 3 x 103 cells/ml in 40 ml growth
medium TCX6D, supplemented with 6 mM Gln (Xell AG,
Bielefeld, Germany). Six milliliters of either highly sup-
plemented and industrially relevant feed solution (“feed”
condition) or supplemented medium (“‘control” condition)
was thereafter added four times each on days 3, 4, 5, and 6.
We used CHO Basic Feed (Xell AG) supplemented with
404 mM D-glucose, 70 mM glutamine, and 27 mM aspara-
gine (osmolality of pure supplemented feed: 830 mOsm/kg).
The supplemented feed that was administered contained a
subset of components already present in the basal growth
medium, and did not introduce any new components to the
feed condition. This feeding strategy resulted in a step-wise
increase in osmolality in feed up to 545 mOsm/kg, with no
observed change in osmolality in “control.” We observed
that cell proliferation in feed was completely inhibited after
the second feeding—accompanied by a concomitant increase
in cell size. In our experimental setup, D-glucose was identi-
fied as the main cause of increasing osmolality within the
fed-batch. To exclude the toxic influence of glycolysis prod-
ucts, lactate concentration was also measured daily to con-
firm that its accumulation remained at a relatively low level
(not exceeding 25 mMol/l) that is known to be well-tolerated
by cells (Hartley et al. 2018). Further information on the
effects on growth, cell size, and productivity is presented by
Romanova et al. (Romanova et al. 2021).

Cell lysis and protein digestion

The workflow of differential protein expression analysis
via label-free quantification mass spectrometry (LFQ-MS)
is presented in Fig. 1. For LFQ-based comparison of pro-
teomes, 1 x 107 cells of four biological replicates for each
of the two conditions (“feed” and “control”) were harvested
on days 2, 6, and 8. The cells were centrifuged at 200 X g for
5 min and then washed once in PBS, and cell pellets were
thereafter stored at — 80 °C until further analysis.

Cells were resuspended in 300 pl of 50 mM Tris-buffer
pH 8.0 and transferred into a new reaction tube contain-
ing approximately 150 ul of 0.1-mm glass grinding beads
(Carl Roth GmbH, Karlsruhe, Germany). All samples were
processed in batch and then randomized early in the work-
flow, in order to minimize any possible biases. Cells were
mechanically ruptured by vortexing 4 X 30 s and also cooled
on ice after each cycle. The supernatant was collected after
30-min centrifugation (17,000 x g, at 4 °C), and the pro-
tein concentration was quantified via a bicinchoninic acid
assay (BCA). Twenty micrograms of whole-cell protein
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Fig. 1 Workflow of LFQ proteomics used in this work. Created with BioRender.com (https://biorender.com/)

was precipitated with nine parts of ice-cold acetone over-
night at — 20 °C. Afterwards, the samples were centrifuged
for 30 min at 17,000 X g; acetone was discarded; and any
residual acetone was allowed to evaporate. Samples were
then rehydrated in 50 mM Tris—HCI buffer, pH 8.0. Next,
reduction (7 mM dithiothreitol (DTT), 30 min, 60 °C,
shaking 300 rpm), alkylation of cysteine residues (20 mM
iodoacetamide (IAA), 30 min, room temperature, dark), and
quenching by adding 14 mM DTT (40 min, room tempera-
ture, 300 rpm) were all sequentially performed. In-solution
trypsin/Lys-C (mix of Trypsin Gold and recombinant Lys-C
Promega, Mannheim, Germany) digestion of 20 pug pro-
tein was performed overnight in a 1:10 dilution of 50 mM
Tris—HCI buffer (pH 8.0), according to the manufacturer’s
instructions (25:1 protein:protease w/w ratio). To remove
any remaining potential impurities and detergents, pep-
tides were purified via C18 SepPak C18 vac 1 cc (Waters,
Milford, MA) columns. In a nutshell, the column material
has a strongly hydrophobic surface that was able to retain
even mildly hydrophobic substances. Finally, elution was
performed twice by 200 ul of 80% acetonitrile (ACN) in
LC-MS grade water (Merck, Darmstadt, Germany).

Western blot

Western blots were performed on the same samples used
for MS analysis (Fig. 2). Proteins were extracted from
1x 107 cells, and quantified as described above. Twenty
micrograms of protein was separated via either a 12.5%
(glutathione peroxidase Gpx1 and septin 7 antibodies) or a
10% (tubulointerstitial nephritis antigen-like, Tinagl1) SDS-
PAGE in an electrophoresis chamber (Bio-Rad Laborato-
ries, Feldkirchen, Germany). Subsequently, the separated
proteins were transferred from the gels to an immune-blot
fluorescence polyvinylidene difluoride (PVDF) membrane
(Bio-Rad Laboratories, Feldkirchen, Germany), using a
semi-dry environment (XCell [I™ Blot Module, Thermo
Fisher Scientific, Dreieich, Germany) in a Bis—Tris/Bicine
buffer that contained 10% ethanol. The membranes were
then blocked for 1 h at room temperature using 5% milk
powder in Tris-buffered saline with 0.1% Tween 20 (TBS-
T). The following primary antibodies were used in specified
dilutions: Gpx1 Polyclonal Antibody # PA5-88,073 1:12 000
and Tinagl1 Polyclonal Antibody # PA5-89,001 (all Thermo
Fisher Scientific, Dreieich, Germany) 1:1000 both in 5%

@ Springer


https://biorender.com/

2572

Applied Microbiology and Biotechnology (2022) 106:2569-2586

Fig.2 Western blot analysis of a
oversupplemented feed-exposed

(F) and control (K) whole pro-

tein lysates of the fed-batch cul-

tivation of CHO-DP12 sampled

on days 2, 6, and 8. a Antibody
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D2

Product ——

K1 K1 F1 F1 F1
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against septin 7, detecting a
band at 50 kDa next to product.
b Antibody against Tinagll,
detecting a specific band at
about 52 kDa, at expected Tin-
agll size (glycosylated) and an K1
additional band at 44 kDa (veri- D2
fied by HEK-cell line lysate), b

Tinagll (g)——

probably unglycosylated
Product

Septin 7

—— 40kDa

K1 K1 F1 F1 F1
D6 D8 D2 D6 D8

— 55kDa

Tinagll, ——

milk powder in TBS-T; septin 7 Polyclonal Antibody # PAS5-
56,181 1:1000 in 2.5% milk powder in TBS-T. The antibod-
ies were thereafter incubated overnight at 4 °C. Secondary
anti-rabbit Cy3-labeled antibody # 111-165-003 (Dianova,
Hamburg, Germany) was used in 1:1000 dilution in TBS-T
containing 2.5% milk powder. Enhanced chemiluminescence
(ECL)-anti-rabbit antibody # 7074 (Cell Signaling Technol-
ogy, Inc., Frankfurt am Main, Germany) was used in 1:4000
dilution in 1% milk powder in TBS-T. Secondary antibod-
ies were incubated for 2 h in the dark at room temperature.
The ECL antibody was also thereafter incubated overnight at
4 °C. The detection was performed at 570 nm emission with
an Ettan DIGE Imager (GE Healthcare, Solingen, Germany)
or Fusion Fx7 CCD-Camera (Vilber Lourmat, Eberhardzell,
Germany), respectively.

nLC-ESI-MS/MS

Purified peptide mixtures of 20 pg digested whole-cell lysate
were resolubilized in 11 pl of LC-MS grade water with 0.1%
trifluoroacetic acid (TFA) and 2.5% acetonitrile (ACN). Pep-
tide concentrations (standard deviation (sd) < 10%, absorb-
ance at 205 nm) were measured by NanoDrop One (Thermo
Fisher Scientific, Dreieich, Germany) using 1 ul of the sample
volume, which facilitated the injection of normalized pep-
tide amounts for nLC-MS/MS measurements. For reversed-
phase peptide separation, an UltiMate 3000 RSLC nanoLC
Dionex system (Thermo Fisher Scientific, Dreieich, Germany)
with Acclaim PepMap™ 100 C18 pre-column cartridge
(300 um LI.D. x5 um, Thermo Fisher Scientific) and a 25 cm
Acclaim PepMap™ 100 C18 separation column (2 pm, 75 um
LD., Thermo Fisher Scientific, Dreieich, Germany) with an
effective gradient of 1-50% solvent B (80% ACN, 1% TFA)
at a flow rate of 300 nl/min was run for 60 min. Online ESI-
Orbitrap mass spectrometry measurements were carried out
using a Q Exactive Plus instrument (Thermo Fisher Scientific,

@ Springer

—— 40kDa

Dreieich, Germany) in data-dependent top ten acquisition
mode, with a minimum automatic gain control (AGC) value
of 1e3, and a dynamic exclusion time of 20 s. Precursor ions
were acquired in MS mode with a resolution of 70,000, an
AGC target of 3e6, and 80 ms maximum IT. Fragment ions
were scanned with a resolution of 17,500, an AGC target of
2e5, and an intensity threshold of 120 ms, and peptides were
selected in a 1.6 mass-to-charge (m/z) isolation window for
fragmentation with normalized collision energy (CE) of 28.

nLC-ESI-MS/MS data analysis

The complete LFQ-protein quantification and identification
were performed in MaxQuant version 1.6.10.43 (Tyanova
et al. 2016). Peptide quantification was performed only for
unique peptides. Identification was performed using both
Cricetulus griseus and Mus musculus (UniProtKB, down-
load on 08.07.2020, 56,327 entries for C. griseus and 69,504
for M. musculus) databases. The taxonomy of each hit is
included in the Supporting Information, Table S1. The fol-
lowing modifications were set: cysteine carbamidometh-
ylation (fixed modification), oxidation of methionine, and
N-terminal acetylation (variable modifications). The maxi-
mum number of missed cleavages for tryptic digest was set
to two, and a false discovery rate (FDR) of 0.01 was selected
for protein and peptide identification. The resulting data was
subsequently processed in Perseus version 1.6.14.0 (Tyanova
et al. 2016). The mass spectrometry proteomics data was
deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al. 2019) partner repository with
the dataset identifier PXD027443.

The evaluation workflow was set according to guidelines
that have been previously published by Tyanova and Cox
(2018), which cover the following steps: excluding in
“proteingroups.txt” proteins only identified by site, potential
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contaminants, and any proteins matching reverse database.
The intensities were log2 transformed and filtered for valid
values (found in at least three samples). The entries were
complemented by gene annotations from Gene Ontology
Cellular Component (GOCC), Reactome, Gene Set
Enrichment Analysis (GSEA), Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Kanehisa et al. 2016), CORUM
Molecular Complexes Database (Ruepp et al. 2007), Mouse
Genome Identifier (MGI), Evolutionary genealogy of genes:
Non-supervised Orthologous Groups (eggNOG) (Huerta-
Cepas et al. 2018), SMART/PFAM (Letunic and Bork
2017), and InterPro (Finn et al. 2016).

Categorical column annotation included three sampling
points (day 2, day 6, and day 8). Each group included four
biological replicates per condition (i.e., “feed” and “con-
trol””). Categorical columns were subjected to a two-sided
two-sample ¢ test, which was used to determine if the mean
LFQ-intensity values of two samples or groups were signifi-
cantly different from each other. For the two-sample 7 test,
permutation-based FDR was set to < 0.05, the probability
value p <0.02 was considered to be the threshold for signifi-
cance, and SO was set to 0. Differentially expressed proteins
between C and F conditions on days 6 and 8 were visualized
via hierarchical clustering as a heat map. After applying the
two-sample ¢ tests (“feed” vs. “control” on day 6 and day
8), we also used a Fisher exact test to identify any signifi-
cantly enriched terms in gene annotations of differentially
expressed genes. All graphics represented here were directly
exported from the Perseus environment.

The STRING (Search Tool for the Retrieval of Interact-
ing Genes/Proteins) was used for critical assessment and
integration of protein—protein interactions (http://string-db.
org/). The interactions were drawn from direct experimental
evidence and are predicted based on similarities known for
other organisms (Chan 2006). By using STRING, the 41 pro-
teins resulting from Fisher exact test based on significantly
regulated proteins between “feed” and “control” for day 8
(see Table 1, except for nidogen 1.2, as only one isoform is
listed in the database) were mapped and a network image
was created (Fig. 4).

Results
Protein identification and quantification

For LFQ-MS intracellular proteome analysis, samples were
harvested from four biological replicates at three time points:
day 2 (i.e., the beginning of the exponential phase and a ref-
erence point for both “control” and “feed” conditions), day
6 (i.e., the exponential phase), and day 8 (i.e., the stationary
phase and the onset of glucose-limitation in the “control”
fed-batch). After sample preparation and tryptic digest,

measurements were performed in a randomized order in
one batch of nanoLC-ESI-MS acquisitions. Based on 16,660
unique peptides, a total of 2881 non-redundant proteins were
identified for CHO-DP12 cells in our experimental setup. A
complete list of the identified proteins is available as elec-
tronic supplementary material (Supplementary Information,
Table S2). After we filtered the results down to only those
proteins which occurred in at least three samples, a total of
1798 such proteins were quantified (Fig. 3a; Tables S1 and
S2). The coverage accords well with results that have been
reported in other recent LFQ-MS CHO proteome studies
(Kaushik et al. 2020; Schelletter et al. 2019).

Differentially expressed proteins: “feed” vs.
“control”

The biological replicates for each condition were grouped
categorically for further processing. Two-sample ¢ tests
(permutation-based FDR < 0.05 on day 6 “feed” vs. “con-
trol” and day 8 “feed” vs. “control” categorical groups)
were run, in order to identify the proteins that displayed a
significantly altered expression level depending on those
two different cultivation conditions. One hundred seventy-
six statistically significant hits were identified on day 6
(Fig. 3a; also represented as a volcano plot in d), and 182
statistically significant hits were identified between “feed”
and “control” on day 8 (shown in clusters in Fig. 3, panels b
and c and as a volcano plot in d). The complete lists of these
proteins, with corresponding log2 fold changes between
tested groups (“feed” vs. “control,” day 6 and day 8), are
viewable in the Supplementary Information, Table S1.

The differentially expressed protein profiles resulting from
the categorical ¢ tests between “control” and “feed” conditions
on days 6 and 8 are also illustrated in Fig. 3, panels b-d. Profile
plots of the log2 ratios for “feed” vs. “control” (panel b) are
based on the hierarchical clustering map displayed in panel c.
The latter show two distinct clusters: 86 proteins were sig-
nificantly up-regulated, and 96 proteins were down-regulated,
within the “feed” as compared to the “control” condition (on
day 8). On the volcano plots (Fig. 3d), differentially expressed
proteins are represented as a function of log2 ratio between
F and C and statistical significance (x-axis: difference (7 test
fold change) vs. y-axis—log 10 p value). For the vast major-
ity of these proteins, the regulation displayed the same trend
on both day 6 and day 8—in other words, an up-regulated
protein in “feed” on day 6 was also up-regulated on day 8,
and vice versa. Out of 182 proteins with altered regulation
reaching the 7 test significance threshold (permutation-based
FDR <0.05) on day 8, 88 were also observed to display a
statistically significant regulation differential on day 6. All
of these proteins were regulated in the same direction (i.e.,
up-regulated or down-regulated) at both of these time points
for both the “feed” and “control” groups.
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Table 1 Genes with significant enriched molecular annotations based on differentially expressed proteins (p <0.01) between “feed” and “con-
trol” condition found on proteome level during the fed-batch cultivation of CHO DP-12 cells on day 8. The letter m stands for “mitochondrial”

Gene name Protein name UniProt AC Mean log?2 fold change Biological function
day 8 “feed”/ “control”

I. Genes in connection with extracellular matrix/membrane
1 Col6al Collagen alpha-1(VI) chain G3H8Y5 —2.82 Part of extracellular matrix
2 Lama5 Laminin subunit alpha-5 G3HGW6 —-1.57 Integrin binding, basement membrane
3 Tinagll Tubulointerstitial nephritis antigen-like ~G3H1W4 —-2.64 Laminin binding, cys-type peptidase
4 179_018113 Nidogen 1.1 G3I3U5 —1.13 Basement membrane protein
5 179_015301 Nidogen 1.2 G3HWE4 —-0.91 Cell matrix adhesion
6  Hspg2 Heparan sulfate core protein (prelimi-  AOA3L7I8L8 —1.99 Basement membrane protein

nary)
7 Sparc Kazal-like domain-containing protein G3H584 -1.69 Collagen binding, calcium ion binding
8 App Amyloid-beta A4 protein G3HMG4 —1.88 Integral membrane component
II. Genes involved in stress response
1 Hsp90bl HSP90, beta Q91V38 0.71 Unfolded protein binding
2 Gpx4 Glutathione peroxidase-4 G3HF60 1.04 Glutathione peroxidase activity
3 Clu Clusterin G3HNI3 0.80 Protein folding chaperone
4  Hsphl Heat shock 105 kDa protein G3GWF4 0.51 Prevents protein aggregation
5  Psmb5 Proteasome subunit beta type-5 G3HRD9 0.77 Response to oxidative stress
6  Hspa9 Stress-70 protein, mitochondrial G3HEZ0 0.83 Unfolded protein binding
7  Pxdn Peroxidasin-like protein G3HBI1 —0.67 Response to oxidative stress
8  Ciapinl Anamorsin G3HIL4 -091 Anti-apoptotic effector
9  Anxal Annexin Al G3I5L3 -0.72 Inflammatory response
10 Glgl Golgi apparatus protein 1 G3I369 -1.95 Neg. regulation of protein processing
III. Genes involved in mitochondrial regulation and function
1 Acadvl VLC-specific acyl-CoA dehydrogenase G3GYA2 1.19 Fatty acid B-oxidation

(m)
2 Ethel Persulfide dioxygenase ETHE1 (m) AOAO061HTS8 1.01 Suppress p53-induced apoptosis
3 Hmgcl Hydroxymethylglutaryl-CoA lyase (m) G3HMV6 0.77 Lipid metabolic process
4 Mdh2 Malate dehydrohenase (m) G3HA23 0.89 Carbohydrate metabolic activity
5 Grpell GrpE protein homolog 1 (m) G3GWC4 0.98 Protein folding, mitochondrial import
6  Hadha Trifunctional enzyme subunit alpha (m) G3GXQ3 0.79 Fatty acid B-oxidation
7  Hsdl7b10  3-hydroxyacyl-CoA dehydrogenase G3H7U0 0.74 Fatty acid B-oxidation
8  Pdhal Pyruvate dehydrogenase E1, subunitaa  G3H5K6 0.88 Pyruvate oxidation
9  Fdxr NADPH:adrenodoxin oxidoreductase G3GTG7 0.52 Cholesterol metabolism

(m)
10 Ivd Isovaleryl-CoA dehydrogenase (m) G3ICJ8 1.18 Leucine catabolism
11 Dld Dihydrolipoyl dehydrogenase (m) G3HS8L2 0.94 Mitochondrial e- transport
12 Cpt2 Carnitine O-palmitoyltransferase 2 (m) G3GTN3 0.62 Fatty acid metabolism
13 Hagh Hydroxyacylglutathione hydrolase (m) G3HBP3 0.98 Glutathione metabolism
14 Shmi2 Serine hydroxymethyltransferase (m) G3HW36 0.65 Tetrahydrofolate interconversion
15 Ssbpl Single-stranded DNA-binding protein ~ G3HGLO 1.51 Mitochondrial DNA replication

(m)
16 Cs Citrate synthase (m) G3HRP3 0.82 Oxidative metabolism, tricarboxylic acid

(TCA) cycle

17 Sdhaf2 Succinate dehydrogenase assembly f.2 ~ G3IERI1 0.46 Chaperone

(m)
18  Tufim Elongation factor Tu (m) G3GX09 0.90 Mitochondrial elongation translation
IV. Genes involved in cell cycle progression
1 Snx9 Sorting nexin-9 G3HFW9 -0.82 Mitotic cytokinesis
2 Ddx3x ATP-dependent RNA helicase G3GSHS5 -0.62 Promotes G1/S-phase cell cycle transi-

tion
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Table 1 (continued)

Gene name  Protein name UniProt AC Mean log?2 fold change Biological function
day 8 “feed”/ “control”
3 Stat3 Signal transducer and activator of G3HLW9 -1.49 Regulation of cell cycle and transcription
transcription 3
V. Non-mitochondrial metabolic processes
1 Nuch?2 Nucleobindin G3IF52 0.59 Calcium-level maintenance
2 Eeal Early endosome antigen G31600 -0.42 Endosomal trafficking
3 Phgdh D-3-phosphoglycerate dehydrogenase ~ G3HP75 -0.98 L-serine biosynthesis
a c d
5
Quantified
Total: 2.881 proteins 2
In 23 replicates: 1.798 proteins o
yS
Significant regulation -
D6C vs. D6F — 176 hits 2
D8C vs. D8F— 182 hits mi .
w
=<
1 2
b HE g
Sla 4 -3 -2 -1 0 1 2 3
U)o i —D6F
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Fig.3 Proteome analysis data across three cultivation time points for
the fed-batch cultivation of CHO DP-12 cells exposed to high osmo-
lality (“feed,” F) or without osmotic change (“control,” C). a Num-
bers of quantified and significantly regulated (permutation-based
FDR <0.05) proteins between F and C found in CHO proteomes; b
profile plots of the log2-ratios F vs. C of the two clusters based on
heat map c): cluster 1, proteins with significantly decreased expres-
sion on day six and eight in the “feed” condition; 2, proteins with a
significantly increased expression on day six and eight in the “feed”
condition. ¢ Hierarchical clustering of significantly regulated pro-
teins across three cultivation time points for the fed-batch cultiva-
tion of CHO DP-12 cells. High and low expression is shown in red
and green, respectively (“T” is an abbreviation for “day” (Tag), “C”
indicates “control,” and “F” indicates ‘“feed” condition. Number

Enriched gene annotations of regulated proteins

Those proteins that displayed statistically significant
differences in their regulation between “feed” and ““control”
were thereafter subjected to a Fisher exact test with

after the letter indicates biological replicate). d Volcano plots of fold
change (LFQ-intensity) in four biological replicates for significantly
regulated proteins on day six and day eight in F and C. The plot is
represented as a function of statistical significance (¢ test p<0.01)
between “control” and “feed” condition isolates. The Y-axis indi-
cates p value (—log 10). The X-axis shows the protein ratio (log2
change) in C vs. F conditions. Proteins significantly up-regulated in
the feed are highlighted with pink ovals, proteins significantly down-
regulated with light blue ones. The top ten proteins (up-regulated in
feed) are marked with red dots; the top ten proteins down-regulated in
“feed”—Dblue dots. Proteins with no statistically significant expression
differences between the two conditions are shown in gray under the
significance cut-off curve. The SO parameter was set to 0

Benjamini—Hochberg FDR (BH-FDR) < 0.02. Proteins
were annotated with molecular signature terms that were
based on their gene names as identified per the Gene
Ontology Cellular Component (GOCC), Reactome, Gene Set
Enrichment Analysis (GSEA), Kyoto Encyclopedia of Genes
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Fig.4 STRING visualization of
the significantly regulated pro-
teins with enriched annotations
resulting from Fischer exact

test BH-FDR < 0.02 listed in
Table 1. The nodes (spheres) are
the proteins and the connecting
lines represent STRING interac-
tion (according to STRING:

red line, fusion evidence; green
line, neighborhood evidence;
blue line, co-occurrence
evidence; purple line, experi-
mental evidence; yellow line,
textmining evidence; light blue
line, database evidence; black
line, co-expression evidence).
Proteins annotated as extracel-
lular cluster are circled in light
blue. The table below repre-
sents confidence scores (the
approximate probability that a
predicted link exists in the same
KEGG metabolic map) of the
interaction nodes. The table
below includes interactions with
confidence scores >0.7 (“high
confidence”) and > 0.9 (“very
high confidence”)

and Genomes (KEGG), and CORUM molecular complexes
database gene sets. The significance level of enriched
annotations was assigned an adjusted p value of <0.05 (after
Benjamini—Hochberg false rate discovery correction). The
initial Fisher exact test clustering data can be found in the
Supplementary Information (Tables S3 and S4).
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Hsd17b10

)

App
Clu
Node 1 Node 2 Node 1annotation Node 2 annotation Confidence score
W
Mdh2 Cs Malate dehydrohenase 2 Cytrate synthase 0.996)
Pdh-Al Did Pyruvate dehydrohenase E1 Dihydrolipoyl dehydrohenase, m 0.991
Acadvi Hadha VLC-specificacyl-CoAdehydrogenase Trifunctional enzyme subunitalpha 0.967,
Grpeil Hspad GrpE protein homolog 1 Stress-70 protein, mitochondrial 0.964
Acadvi Cpt2 VLC-specificacyl-CoAdehydrogenase Carnitine O-palmitoyltransferase 2 0.961
Ivd Hadho Isovaleryl-CoA dehydrogenase Trifunctional enzyme subunitalpha 0.954
Hsd17b10 Hadho 3-hydroxyacyl-CoA dehydrogenase Trifunctional enzyme subunitalpha 0.931
Mdh2 Did Malate dehydrohenase 2 Dihydrolipoyl dehydrogenase 0.890
Hmgcl Cs Hydroxymethylglutaryl-CoA lyase Cytrate synthase 0.877
179_015301 Hspg2 Nidogen 1.2 Heparansulfate core protein 0.867,
Tufm Hspad Mitochondrial elongation factor Tu Stress-70 protein, mitochondrial 0.859
Col6al Sparc Collagen alpha-1(VI) chain Kazal-like domain-containing protein 0.840
Tufm Mdh2 Mitochondrial elongation factor Tu Malate dehydrohenase 2 0.828
Shmt2 Did Serine hydroxymethylitransferase Dihydrolipoyl dehydrohenase, m 0.823
Tufm Did Mitochondrial elongation factor Tu Dihydrolipoyl dehydrohenase, m 0.776
Tufm Grpell Mitochondrial elongation factor Tu GrpE protein homolog 1 0.768
179_015301 Sparc Nidogen 1.2 Kazal-like domain-containing protein 0.760
|App Civ Amyloid-beta A4 protein Clusterin 0.736)
HspS0b1 Hspo% HspS0, beta Stress-70 protein, mitochondrial 0.734
Mdh2 Hmgcl Malate dehydrohenase 2 Hydroxymethylglutaryl-CoA lyase 0.711
Cpt2 Pdh-Al Carnitine O-palmitoyltransferase 2 Pyruvate dehydrogenase E1, subunita 0.703
Shmt2 Tufm Serine hydroxymethyltransferase Mitochondrial elongation factor Tu 0.692

For day 8, three distinct major annotations containing a total
of 42 non-duplicated genes were found: “‘extracellular matrix”
(G0O:0,031,012), “mitochondrial part” (GO:044,429), and the
term “GSE11057_NAIVE_VS_CENT_MEMORY_CD4_
TCELL_UP,” which comprised genes involved in metabolic
processes, stress response, and cell cycle progression. Proteins
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that were initially categorized in more than one cluster were
thereafter manually assigned to only one set (whichever had
a higher enrichment factor and a lower p value). The iden-
tified proteins were thus curated and annotated according to
their main biological function, based on sequence homology
described in the scientific literature. These curated and anno-
tated clusters are presented in Table 1.

STRING analysis of proteins with enriched gene
annotations

STRING visualizes interactions based either on similarity or
existing evidence, and can be used as an additional tool to
gain a better overview of protein scape alterations between
samples. By using STRING, forty-one differentially expressed
proteins containing enriched annotation terms based on their
gene names (see Table 1; only one isoform, nidogen 1.1, was
used) on day 8 were mapped. A resulting network image
highlights the interconnectivity between these osmolality-
impacted proteins (Fig. 4). Three clusters were identified
via STRING within this set of proteins: (1) those connecting
mitochondrial metabolism participants and parts of ROS-
activated amelioration (twenty proteins); (2) those connect-
ing basal membrane alterations (six proteins); and (3) those
highlighting a recently identified interconnection between
clusterin (Clu) and amyloid-beta A4 protein (Wojtas et al.
2017) (the smallest cluster, at just three proteins).

“Top ten” lists of differentially regulated proteins

Based on the proteins that were significantly regulated on days
6 and 8 in “feed” vs. “control,” we also examined in greater
detail the “top ten” proteins that displayed either statistically
significant up-regulation or down-regulation (Table 2).

In Table 2, the first part is dedicated to the top ten hits
shared at both time points, followed by proteins in the top
ten for day 8 and day 6 only. Mean log2 fold changes were
calculated for LFQ-MS-based protein intensities in “feed”
vs. “control” groups. The proteins included in this top ten
list are indicated with “+ +,” while those excluded from
this list—but which still displayed statistically significant
regulation changes (permutation-based FDR < 0.05)—are
marked with “+.” Among the top ten up-regulated proteins
in “feed,” six were common between days 6 and 8.

Similar to the up-regulation patterns observed on days 6 and
8, half of the top ten statistically significant down-regulated
proteins were the same on both time points.

Western blot analysis of the selected differentially
expressed targets

We confirmed two differentially expressed proteins (Tinagll
and septin 7) by a second, independent method. The label-free

quantitative proteomics results for these targets were verified
using western blot analysis (Fig. 2). According to MS results,
septin 7 was significantly up-regulated in the feed-exposed
group on both day 6 and day 8 (log2 fold change “feed”
vs.”control” day8+2.17, day 6+42.79). Western blots of septin 7
coincide with the results of this MS analysis, and also suggest
a clear up-regulation of the protein. A 50 kDa specific band
was detected throughout all six samples (i.e., both “control”” and
“feed” on days 2, 6, and 8, respectively). The more intensive
specific bands within the feed-exposed samples on day 6 and
on day 8 (Fig. 2) also exhibited a narrowly spaced additional
band, which we believe suggests the presence of either a septin 7
isoform or some alternatively modified protein.

Western blot analysis additionally confirmed the presence
of a 52 kDa target band for Tinagl1. Although the antibody that
was used did not show any exclusive specificity, we were able to
detect the band at the correct height. An additional band at about
44 kDa was also detected by the antibody in CHO DP-12 sam-
ples and confirmed in lysates derived from human embryonic
kidney cells (HEK) cells. Tinagl1 protein (UniProtID G3H1W4,
C. griseus) has two N-linked glycosylation sites at positions
Asn77 and Asn160. Presence of N-glycans influences signifi-
cantly the migration of the protein in the gel and may explain
the presence of several detectable bands (Unal et al. 2008) seen
in our analysis. The intensities of both of these bands—i.e., at
52 kDa and 44 kDa—are in accordance with the down-regula-
tion in “feed” at days 6 and 8 that was observed within the pro-
teome data. Enhanced luminol-based chemiluminescent (ECL)
substrate detected only one band at 250 kDa (Supplemental
Fig. S1). As Tinagl1 binds the 70 kDa N-terminal segment and
first type-1II domain repeat of fibronectin (Li et al. 2007), a com-
plex multimeric protein (Schwarzbauer and DeSimone 2011)
together with laminins, nidogens, and collagen helps to form
the extracellular matrix (ECM) of a CHO cell, and we assume
that the detected band at 250 kDa can be attributed to a specific
unresolved ECM protein complex.

Discussion

Enriched annotations of regulated proteins on day
8 reveal mitochondrial metabolism activation,
basement membrane changes, and response

to oxidative stress

The most significantly regulated proteins discussed in this
work are presented graphically (according to their cellular
components) in Fig. 5.

The gene ontology enrichment analysis results (Table 1)
cluster labeled “extracellular matrix” encompasses the
abundant membrane (App (amyloid-beta A4 protein),
Sparc (kazal-like domain-containing protein), and LamaS5
(laminin)), as well as mostly secreted proteins (Nid1.1 and
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Table2 The top ten significantly regulated proteins on day 6 and
day 8 in “feed” vs. “control” conditions during the fed-batch cultiva-
tion of CHO DP-12 cells. The proteins in the top ten list are marked

with “+ +” for day 6 or day 8, the proteins not in the top ten list but
significantly regulated (permutation-based FDR <0.05) on day 6 or
day 8 are marked with “+”

Gene name Protein name UniProt AC Log?2 fold Top ten Biological function
change “feed”/
“control”
Day8 Day6 Day8 Day6
Top ten up-regulated day 8 and day 6
1 Sprrla Cornifin A G3IIK9 4.92 391 ++ ++  Mitosis disruption
2 Hmgal High-mobility group Al G3IC63 3.65 3.19 ++ ++  Down-reg. cell proliferation
proteins
3 Gpxl Glutathione peroxidase 1 G3HS8GO0 357  0.70 ++ + Cellular stress response
(m)
4 179_001876 Ribosome-binding protein ~ G3GVX1 3.16 3.77 ++ ++4+ UPRinER
1
5  Nono Nono protein AOA3L7H5A3 2.81 2.87 ++ ++  DSB repair factor
6  H671 _4gi2516 Septin 7 G3HTJ2 2.17 2.79 ++ ++  Filament-forming GTPase
7 Ctsz Cathepsin X Q9EPP7 2.00 1.98 ++ Carboxypeptidase
8  Ranbp2 E3 SUMO-protein ligase G3HIJ15 1.95 2.16 ++ ++4+  Stress protector
RanBP2
9  Hspa5 Heat Shock 70-kDa Protein AOA3L7HCD3 1.73 1.04 ++ + Unfolded protein response
5
10  Manf Mesencephalic astrocyte- ~ G3H8AS8 1.69 1.02 ++ + Stress response
derived neurotropic factor
11 179_021290 Septin 11 G3IC99 1.28 2.10 + ++  Filament-forming GTPase
12 CgPICR_005226 Annexin AOA3L7HVVS 1.38 2.09 ++  Calcium ion binding
13 H671_7g18400 Septin 9 G3H3G9 0.74  2.07 + ++  Filament-forming GTPase
14 179_005051 Nucleolar protein 56 G3H451 0.68 1.99 + ++  Ribosome biogenesis
Top ten down-regulated day 8 and day 6
1 Clra;Clrl Complement subcompo- G3GURI1 —433 —289 ++ ++ Ca’ binding ser.-type
nent Clr protease
2 M Metallothionein G3HIKO -382 -332 4+4 ++4+  Metal-ion detoxification
3 Col6al Collagen alpha-1(VI) chain G3H8Y5 —-282 —-145 ++4+ ++4  Partof extracellular matrix
4 Tinagll Tubulointerstitial nephritis G3H1W4 -264 -093 ++ Laminin binding, cys.-type
antigen-like peptidase
5 Notch2nl Notch homolog 2 N-ter- AOA3L7IFL8  -230 -099 ++ + Ca** binding, Notch2
minal-like (preliminary binding
data)
6  Nedd4 E3 ubiquitin protein ligase =~ AOA3L7IBO7 —-2.08 —146 ++4+ ++4  Protein degradation
7 Ubqln2 Ubiquilin-2 G3HWUG6 -200 -120 +4+ + Protein degradation
Hspg2 Heparan sulfate pro- AOA3L7I8L8  —1.99 0.21 ++ Basement membrane pro-
teoglycan core protein teoglycane
(preliminary)
9 Glgl Golgi apparatus protein 1 G31369 —-1.95 0.25 ++ Down-reg. protein process-
ing
10 Ctla2a/Ctla2b cytotoxic T lymphocyte- G3IGWO0 -192 -149 +4+ ++4+ Down-reg. protein process-
associated protein 2 ing
alpha/beta
11 H671_6g15591 Olfactory receptor 4P4-like  AOAO61HXS4 —0.65 —-2.03 ++  RNA binding factor, trans-
protein membrane
12 Fisj3 pre-TRNA processing pro- ~ G3HCU9 -0.51 -1.79 ++  rRNA binding methyltrans-
tein FTSJ3 ferase
13 Pbk Lymphokine-activated G3HNI7 -140 -1.68 ++  Mitotic cell cycle kinase

killer T-cell-originated
protein kinase
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Table 2 (continued)

Gene name Protein name UniProt AC Log?2 fold Top ten Biological function
change “feed”/
“control”
14 Statl Signal transducer and acti-  G3I9F9 n/a —1.46 ++  Centrosome doubling
vator of transcription
15  Dcps m7GpppX diphosphatase ~ G3HFJ1 -0.03 -144 ++  mRNA degradation

Nid 1.2 (nidogen), Col6al (collagen, also in the top ten list),
and Tinagll (tubulointerstitial nephritis antigen-like, also in
the top ten list)). All of these proteins are components of
the residual ECM of suspension-grown CHO DP-12 cells
(Lu et al. 2011), and were less abundant on day 8 within
the “feed” versus the “control” condition. Such coordinated
down-regulation of Lama$5, collagen, Nidl, and Tinagll
might suggest a possible co-expression of these proteins in
mammalian cells and has been reported previously (Clotet-
Freixas et al. 2020). Western blot analysis also independently
confirmed the presence and the down-regulation of Tinagl1
(Fig. 2a). Both ECM and secretome generation and remod-
eling are energetically expensive, but vitally inferior (Kol
et al. 2020). Thus, such coordinated cutback on ECM protein
expression in response to oversupplemented feed exposure
may hint at cells’ striving to redirect energy to support more
vital processes by cutting back on less prioritized activities.

The cluster labeled “genes involved in stress response”
(Table 1) encompasses protein chaperones, peroxidases,
and proteasome subunits that are active in protein degra-
dation. Activation of oxidative stress response upon expo-
sure to hyperosmotic media has been reported for CHO

Fig.5 The major differentially
expressed proteins on day 6

and 8 of the fed-batch cultiva-
tion between hyperosmolality-
exposed CHO-DP12 cells
(“feed”) and culture under
physiological conditions (“con-
trol”). The proteins are arranged
according to cellular structures
they belong to. Green: proteins,
significantly down-regulated

in “feed” (Log2 fold change
day 8 “feed” vs. day 8 “con-
trol” >-0.7); red: proteins, sig-
nificantly up-regulated in “feed”
(Log?2 fold change day 8 “feed”
vs. day 8 “control” > +0.7).
For full names of the proteins,
please refer to Tables 1 and 2.
Created with BioRender.com
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cells (Pan et al. 2019) and other cells (Li et al. 2017a, b;
Xu et al. 2019). We surmise that the observed increase in
numerous proteins involved in ROS sequestration in the
cells that were exposed to the high-osmolality feed was
a response to the activation of oxidative metabolism in
mitochondria, and not vice versa.

Significant enrichment of proteins involved in mito-
chondrial regulation and function (Cluster IV in Table 1)
provides strong evidence in support of our findings con-
cerning mitochondrial activity, based on flow cytometry
fluorescence measurements (Romanova et al. 2021), and
ATP-pool enhancement under NaCl-induced high-osmo-
lality, as previously reported (Pfizenmaier et al. 2015). It is
also interesting to note that a pioneering proteome study of
CHO under osmotic stress identified only two up-regulated
proteins (pyruvate kinase and glyceraldehyde-3-phosphate
dehydrogenase)—both of which are related to mitochon-
drial oxidative metabolism (Lee et al. 2003). All genes
belonging to this cluster are up-regulated in the “feed”
condition. The proteins coded by genes Hadha, Hsd17b10,
Cpt2, and Hmgcl all regulate fatty acid f-oxidation and
participate in lipid metabolism. Recent findings elucidate
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the clear connection between mitochondrial fatty acids
metabolism, lipid droplets accumulation (previously
reported for CHO under increased osmolality conditions
(Pan et al. 2017), and cellular stress response (Jarc and
Petan 2019).

Intracellular lipid droplets help to maintain membrane
saturation and prevent peroxidation damage (Ackerman et al.
2018). They also serve as an energy storage buffer, supplying
lipids for energy production and thus helping to enable the
survival of stressed cells. Fatty acid oxidation in mitochon-
dria increases NADPH levels in stressed cells (Jeon et al.
2012), which is in turn consumed for the regeneration of
reduced glutathione (GSH), which serves as a substrate for
glutathione peroxidase (Gpx4, included in cluster II (log2
fold change “feed” vs. “control” on day 8 + 1.04) and Gpx1
(log2 fold change “feed” vs. “control” day 8 +3.56) in the
top ten list)—the major antioxidant enzymes in glutathione-
mediated elimination of H,O,.

The cluster of proteins associated with cell cycle progres-
sion encompasses proteins mediating proliferation arrest, as
has been observed in all experiments with a hyperosmolality
challenge. However, on day 8 of the fed-batch cultivation,
cells in “control” used as a reference already exit the high-
proliferation exponential growth phase; thus, no extensive
list of differentially expressed proteins should be expected
at this time point. The last cluster contains three genes that
are involved in calcium-level maintenance (nucleobindin, an
abundant Golgi-protein with high affinity to Ca®* (Lin et al.
1999), (log2 fold change “feed” vs. “control” day 8 +0.59)),
as well as proteins that are involved in endosomal trafficking
and L-serine biosynthesis. Ca>* is a by-product of mitochon-
drial oxidative respiration and, in higher concentrations, is
toxic to cells (Zorov et al. 2014). Nucleobindin binds and
stores excessive calcium, which protects the cells from its
damaging effects. Thus, the increased abundance of nucle-
obindin observed in “feed” cells might be connected with an
increase in mitochondrial activity.

STRING clustering highlights the interconnection
of mitochondria-related proteins and basement
membrane components

By feeding the proteins (Table 1) into the STRING database,
we were also able to visualize the interactions between single
members found to be enriched in the “feed” vs. “control”
condition. As expected, STRING linked the members of
citrate cycle Mdh2, Cs, PDH-A1, and DLD with the highest
confidence scores (either > 0.7 for “high confidence” or>0.9
for “very high confidence”) (Fig. 4). The intrinsic connection
between mitochondrial fatty acid metabolism, oxidative
phosphorylation, and neutralization of emerging ROS is
also highlighted. In the second cluster, the members of the
extracellular matrix cluster were mostly interconnected (Fig. 4,
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circled in light blue). Previous data from the relevant literature
has suggested the influence of Sparc protein on collagen
(Col6a) fibrils maturation (Rentz et al. 2007), and nidogen
(I79_015301) is known to interconnect the laminin (Lama)
and collagen networks with the assistance of perlecan (Hspg2)
to help form a rigid basement membrane (Singh et al. 2012).
Finally, the biological connection of the members of the last
cluster encompassed only three proteins—amyloid-beta A4
protein (App), clusterin (Clu), and an early endosome antigen
(Eeal) protein that is known predominantly from Alzheimer’s
disease research (Woijtas et al. 2017, 2020; Zhao et al. 2021).
The authors of the latter study found that overexpression of
Clu (log2 fold change “feed” vs. “control” day 8+ 0.80)
suppresses the formation of amyloid fibrils (log2 fold change
“feed” vs. “control” day 8 — 1.88). The possible significance of
such regulation in the context of CHO cells that are exposed to
oversupplemented feed remains unclear.

The top ten up-regulated proteins counteract
oxidative stress, mediate cell cycle arrest,
and increase membrane stability

Among the top ten up-regulated proteins in “feed,” six were
common between days 6 and 8. The main findings discussed
in this work are graphically summarized in Fig. 4. The two
top hits—cornifin A and high-mobility group proteins Al
(HMGA1, formerly HMG-I/HMG-Y )—are both involved in
cell cycle progression (Tesfaigzi et al. 2003) and mitogen-
activated protein kinases (MAPKs)-mediated stress response
(Schuldenfrei et al. 2011).

Cornifin A (log2 fold change “feed” vs. “control”
day 8+4.92, day 6+3.91) belongs to the family of small
proline-rich proteins (SPRR), which is expressed in CHO cells
and is related to peptide cross-linking. Cornifin A becomes
cross-linked with membrane proteins, and may therefore
influence cell-envelope permeability (Marvin et al. 1992). It
has been quantified in all biological replicates in both “feed”
and “control,” and its homolog has also been identified in
non-differentiating CHO cells (Tesfaigzi and Carlson 1996)
and has been related to cells’ withdrawal from a proliferative
state and the disruption of normal mitosis (Gibbs et al. 1993;
Tesfaigzi and Carlson 1996; Tesfaigzi et al. 2003).

The high-mobility group A1 (HMGAIL) proteins
(HMGA1la and HMGAI1D) (log2 fold change “feed” vs.
“control” day 8+ 3.65, day 6+ 3.19) are members of the high-
mobility group superfamily (HMG), which are non-histone
nuclear proteins that participate in numerous biological
processes including transcription, replication, cell cycle
progress, DNA structure modification, and apoptosis (Fusco
and Fedele 2007; Reeves 2000; Reeves and Beckerbauer
2001). The downstream transcriptional targets of HMGA1
are numerous, and include (by way of example) regulation
of mitogen-activated protein kinases (MAPKs) MAPK11,
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MAPKI12, MAPK13, and MAPK14 (Schuldenfrei et al.
2011)—all of which are major regulator molecules of the
cell. They are rapidly activated by osmotic stress and other
extracellular stress stimuli, such as UV-radiation and heat
shock (for further information on this, see Zhou et al., (2016)).
Recent research has revealed a synergistic regulation of
signaling dynamics between MAPK and cyclin-dependent
kinases (CDKs) (Repetto et al. 2018), and CDKs also seem
to play an important role in cell size increase connected to
an osmotic change in CHO cells (Pan et al. 2019). Although
the precise function of HMGAL1 overexpression in “feed” is
unclear at this point, the authors speculate that it may display
its function through these downstream effectors. The top ten
up-regulated proteins were involved in stress and unfolded
protein response (corresponding genes: Gpx1, Rrbpl, Ranbp2,
Hspa5, and Manf) and DNA repair (Nono), and thus help to
establish a balance between protein synthesis and degradation
that promotes the survival of the cell.

Mitochondrial antioxidant enzyme glutathione per-
oxidase-1 (Gpx1) (log2 fold change “feed” vs. “control”
day 8 +3.57, day 6+ 0.69) and Gpx4 (discussed in the pre-
vious section) are abundant mammalian selenoenzymes that
play a prominent role in the cellular response to reactive
oxygen species (ROS)-induced oxidative stress (Chevallier
et al. 2020). The term “ROS” includes oxygen free radi-
cals—such as superoxide anion radical (O,") and hydroxyl
radical (OH)—as well as non-oxidant radicals such as
hydrogen peroxide (H,0,) and singlet oxygen (10,). Despite
several antioxidant defenses, the mitochondrion appears to
be the main intracellular source of these oxidants (Turrens
2003). In particular, Gpx1 couples oxidation of glutathione,
a small three-residue (y-L-glutamyl-L-cysteinyl glycine)
peptide serving as an electron donor with H,0, detoxifi-
cation (Espinosa-Diez et al. 2015; Ighodaro and Akinloye
2018). Its protective role has been shown for knockout mice
in coping with oxidative injury and death mediated by reac-
tive oxygen species (Esposito et al. 2000), as well as for
CHO cells exposed to oxidative stress (Aykin-Burns and
Ercal 2006). Its up-regulation in the “feed” suggests that
Gpx1 is also strongly involved in mitigating oversupple-
mented feed-induced stress.

Ribosome-binding protein 1 (RRBP1, log2 fold change
“feed” vs. “control” day 8 +3.16, day 6+3.77) is localized
on the rough endoplasmic reticulum (ER) and is part of
unfolded protein response (UPR) that is induced during cel-
lular stress (Gao et al. 2016). RRBP1 alleviates ER stress,
and thus helps to facilitate cell survival (Tsai et al. 2013).

SUMO E3 ligase Ran-binding protein 2 (RanBP2, log2
fold change “feed” vs. “control” day 8 4+ 1.95, day 6+2.16)
is a large protein with multiple functions. It is known to
directly modulate responses to phototoxicity, infectious
agents, and carcinogens (Cho et al. 2010), and also to sup-
press apoptosis during oxidative stress (Cho et al. 2012).

Specifically, RanBP2 co-localizes with and modulates the
activity of mitochondrial proteins (Patil et al. 2019). It is
noteworthy that a very high up-regulation of the ortholog
gene Ranbp3l was recently reported in a transcriptome study
of suspension-adapted CHO cells under elevated osmolality
(Pan et al. 2019).

Mesencephalic astrocyte-derived neurotrophic factor
(Manf, log?2 fold change “feed” vs. “control” day 8+ 1.69,
day 6+ 1.02), as well as Bip/Hspa5 protein chaperons (Ham-
man et al. 1998), is activated in response to mild hypother-
mia in CHO cells (Bedoya-Lopez et al. 2016), and also seem
to play a role in response to glucose-induced hyperosmolal-
ity. Hspa$5 is a master chaperone that assists in the translo-
cation, folding, and stabilization of nascent protein chains.

An RNA- and DNA-binding non-POU domain-containing
octamer-binding (NONO) protein is a candidate DNA dou-
ble-strand break (DSB) repair factor, showing end-joining
stimulatory activity in biochemical protein screening (Li
et al. 2017a, b).

Aside from oxidative stress amelioration, we expected to
find that some specific adaptation proteins counteracted the
degradation of a CHO cell’s spherical shape. Septins are a
family of filament-forming GTPases that interact with both
the F-actin protein and the microtubule skeleton of the cell.
Three members of this family are found in our top ten list:
septin 7 (log2 fold change “feed” vs. “control” day 8 +2.17,
day 6+2.79), septin 11 (log2 fold change “feed” vs. “con-
trol” day 84+ 1.28, day 642.10), and septin 9 (log2 fold
change “feed” vs. “control” day 8+ 0.74, day 6 +2.07).
Exemplary for this protein family, the presence and up-
regulation of septin 7 have been also confirmed by western
blot analysis (Fig. 2). The membrane-binding ability of sep-
tins, which limits the lateral diffusion of membrane proteins
(Caudron and Barral 2009; Fung et al. 2014; Gilden et al.
2012), may alter the permeability and rigidity of the cellu-
lar membrane during osmotic pressure elevation. Although
there is no reported experimental data for CHO cells on this
point, osmotic change experiments on septin-coated vesicles
do indeed suggest an increase in rigidity and shape stability
under hyperosmotic conditions when compared to uncoated
vesicles (Beber 2018). The fact that members of this septin
family rank among the top ten most up-regulated expression
proteins in the “feed” group hints that their role in increasing
membrane stability and thus facilitating cellular homeostasis
maintenance plays a crucial role in supporting cell survival
under osmotic pressure.

Although limiting the number of proteins examined in
more detail to a top ten is somewhat arbitrary (in that it does
not necessarily provide a full and comprehensive picture
of the entire cellular regulation process), we believe that it
does offer valuable insight into the predominant changes
that were observed between the two conditions that we stud-
ied. To summarize the foregoing, a majority of the top ten
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up-regulated proteins in “feed” on both day 6 and day 8 were
proteins that are known to be involved in processes such as
oxidative stress amelioration, protein aggregation mediation,
and propagating cell cycle arrest. At last, membrane rigidity
and permeability appear to be increased via the accumula-
tion of septins and cornifin A.

The top ten down-regulated proteins are involved
in protein degradation, RNA processing, and cell
cycle arrest

The majority of the top ten down-regulated proteins identified
the in “feed” group are involved in proteolysis (corresponding
genes Clra/Clrl, Nedd4, Ubgin2, Ctla2a/Ctla2b) and man-
aging alterations in RNA processing (H671_6g15591, Ftsj3,
Dcps). Taken together, this seems to indicate that CHO cells
exposed to oversupplemented feed are not only engaged in
protein biosynthesis (as previously reported in Pan et al. 2017)
but also strive to preserve already-expressed proteins from
degradation. The input of these processes would also help to
explain the accumulation of cellular dry mass that has been
observed in CHO cells exposed to osmotic stress (Pan et al.
2017). In further support of this hypothesis, it is worth noting
that prior research has demonstrated that proteasomal degra-
dation decreases at higher oxidant levels (Breusing and Grune
2008), and that the down-regulation of those proteins involved
in protein degradation that were included within the top ten
list became more pronounced from day 6 to day 8.

Two of the down-regulated proteins in the top ten
ubiquilin UbqIn2 (log2 fold change “feed” vs. “control”
day 8 —2.00, day 6 —1.20) and ubiquitin protein ligase
E3Nedd4 (log2 fold change “feed” vs. “control” day 8 —2.08,
day 6 — 1.46)—also seem to be related to the process of mito-
chondrial up-regulation. Ubiquilins are chaperones that pro-
tect transmembrane proteins, and they usually exhibit long
hydrophobic regions from aggregation in the polar cytosol
(Zhang et al. 2014). Ubqgln1 and 2 interact specifically with
mitochondrial transmembrane proteins and degrade them
upon failure to be inserted into their target. To facilitate
ubiquitination, ubiquilins recruit E3 ligase (coded by Nedd4)
(Itakura et al. 2016). Thus, concomitant down-regulation of
these two components in the “feed” group might indicate
a cutback of mitochondrial membrane degradation—poten-
tially leading to an increase of mitochondrial fluorescence,
due to an increased abundance of the membrane proteins
which accumulate fluorescent dye (Romanova et al. 2021).

Down-regulation of Pbk-coded lymphokine-activated killer
T-cell-originated protein kinase (TOPK, log2 fold change
“feed” vs. “control” day 8 —1.40, day 6 —1.68) and Statl
(log2 fold change “feed” vs. “control” day 8 not quantified,
day 6 —1.46), coding for signal transducer and activator of
transcription (quantified only for the day eight), seems to be
related to CHO cell cycle arrest. TOPK expression peaks as
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proliferating cells enter mitosis (Herbert et al. 2018) and its
knockout induces G1-phase cell cycle arrest in cancer cells
(Zhao et al. 2020). Stat signaling is involved in numerous pro-
cesses in the cell, including a centrosome doubling during cell
cycle progression in CHO cells (Metge et al. 2004), and is
obviously not required when the cells do not proliferate, which
may explain the down-regulation of Stat protein in the “feed.”

To summarize the foregoing, then the known effects of
the top ten down-regulated proteins in the “feed” group col-
lectively hint at a decrease in protein degradation, alterations
in RNA processing, and the exit of CHO cells from their
normal proliferative pattern.

Using the LFQ approach, combined with stringent sta-
tistical analysis and comprehensive data mining and evalu-
ation, it was possible for the authors to identify some of the
most significant proteome changes that appear to be caused
by exposure of CHO DP-12 cells to highly concentrated feed
(where D-glucose functioned as the main component causing
the osmolality increase). In the course of this analysis, we
were able to quantify a total of 1798 proteins—of which 176
were significantly regulated on day 6, and 182 were signifi-
cantly regulated on day 8—observed in the “feed” culture as
compared to the “control” culture at the same time points.
The presence and regulation of two target proteins (septin 7
and Tinagll) were additionally confirmed via western blot
analysis. Specifically, this analysis revealed a significant up-
regulation of proteins that are known to mediate oxidative
stress, protein response, and protein degradation processes.
We also detected a down-regulation of multimodal regulator
molecules (Stat3 and Stat1), which are known to be involved
in cell cycle progression, as well as an up-regulation of
cornifin A and Ddx3x, which are known to mediate cell cycle
arrest. Together, these regulated proteins would all seem to
be involved in the proliferation termination that was observed
in the “feed” group during the fed-batch cultivation. The up-
regulation of oxidative stress response proteins, present both
in our top ten lists (discussed above) and in the gene ontology
enrichment clustering, is likely caused by an elevated level
of mitochondria-derived ROS. Accordingly, we believe that
the higher expression of oxidative stress response proteins
that we observed is likely linked to activation of mitochon-
drial oxidative phosphorylation and lipid oxidation that was
detected via a molecular annotation enrichment analysis on
the proteome level in our setup. It is known that activation of
both oxidative phosphorylation and lipid oxidation yields an
excess of ATP in response to NaCl-caused hyperosmolality in
CHO culture (Pfizenmaier et al. 2016). The excess of energy
produced by mitochondria seems to be used for the synthe-
sis of proteins that prevent protein aggregation and alleviate
oxidative stress, as well as those which play a role in main-
taining cellular membrane rigidity and permeability, such as
septins. These activated high-osmolality-dependent processes
are accompanied by the down-regulation of proteases which
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indicate a reduction in protein degradation. Continued bio-
mass synthesis, paired with protein degradation suppression
and proliferation stop, thus results in considerable cellular
mass and volume accumulation. Though our proteome data is
entirely in concordance with the relevant previously reported
literature, the granular evaluation and identification of the
specific biological function of each target identified in this
study must ultimately be validated only by more targeted
approaches undertaken in future work—such as interaction
analysis, knock-out, silencing-mRNA, or similar experi-
ments. Nonetheless, we believe that the findings reported in
this paper may be useful for developing a more informed and
precise feed design that promotes greater cultivation process
optimization.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-022-11861-x.

Acknowledgements The authors wish to thank Larissa Lessmann for
her assistance with proteome sample preparation and Nadine Rodrigues
de Carvalho for performing western blot analysis. The authors also
wish to thank Dr. Janina Bahnemann for proofreading the manuscript.
Nadiya Romanova is supported by a grant for women in the orientation
phase initiated by the Equal Opportunities Commission of the Faculty
of Technology, Bielefeld University. The graphical abstract was created
using BioRender.com.

Author contribution NR designed and performed the experiments, car-
ried out the sample preparation, analyzed and interpreted the data, and
wrote the manuscript. LS conceived an initial idea of proteome analysis
and contributed to the data analysis and manuscript preparation. RH
performed the MS/MS measurement, engaged in protocol optimization,
and contributed to the manuscript preparation. TN conceived of the
initial project idea, acquired funding, and supervised the project. All
authors read and approved the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was funded by Bielefeld University.

Data availability Data are available via ProteomeXchange, with identi-
fier PXD027443.

Declarations

Ethics approval This study did not involve any animal studies, human
participants, or human-derived material.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ackerman D, Tumanov S, Qiu B, Michalopoulou E, Spata, M Azzam
A, Xie H, Simon MC, Kamphorst JJ (2018) Triglycerides pro-
mote lipid homeostasis during hypoxic stress by balancing fatty
acid saturation. Cell Rep 24(10):2596-2605.e5. https://doi.org/
10.1016/j.celrep.2018.08.015

Aykin-Burns N, Ercal N (2006) Effects of selenocystine on lead-
exposed Chinese hamster ovary (CHO) and pc-12 cells. Toxicol
Appl Pharmacol 214(2):136-143. https://doi.org/10.1016/].taap.
2005.12.002

Baycin-Hizal D, Tabb DL, Chaerkady R, Chen L, Lewis NE, Naga-
rajan H, Sarkaria V, Kumar A, Wolozny D, Colao J, Jacobson E,
Tian Y, O’Meally RN, Krag SS, Cole RN, Palsson BO, Zhang
H, Betenbaugh M (2012) Proteomic analysis of Chinese hamster
ovary cells. J Proteome Res 11(11):5265-5276. https://doi.org/
10.1021/pr300476w

Beber A (2018) Invitro study of membrane remodeling and curvature
sensing at the micrometric scale by budding yeast septins. tel-
02015522v2, Sorbonne Université Biological Physics [physics.
bio-ph]., NNT:2018SORUS375.

Bedoya-Loépez A, Estrada K, Sanchez-Flores A, Ramrez OT,
Altamirano C, Segovia L, Miranda-Rés J, Trujillo-Roldan MA,
Valdez-Cruz NA (2016) Effect of temperature downshift on the
transcriptomic responses of Chinese hamster ovary cells using
recombinant human tissue plasminogen activator production cul-
ture. PLoS ONE 11(3):e0151529-e0151529. https://doi.org/10.
1371/journal.pone.0151529

Breusing N, Grune T (2008) Regulation of proteasome-mediated pro-
tein degradation during oxidative stress and aging. Biol Chem
389(3):203-209. https://doi.org/10.1515/BC.2008.029

Caudron F, Barral Y (2009) Septins and the lateral compartmentaliza-
tion of eukaryotic membranes. Dev Cell 16(4):493-506. https://
doi.org/10.1016/j.devcel.2009.04.003

Chan DC (2006) Mitochondria: dynamic organelles in disease, aging,
and development. Cell 125(7):1241-1252. https://doi.org/10.
1016/j.cell.2006.06.010

Chevallier V, Andersen MR, Malphettes L (2020) Oxidative stress-
alleviating strategies to improve recombinant protein production
in CHO cells. Biotechnol Bioeng 117(4):1172—1186. https://doi.
org/10.1002/bit.27247

Cho K-i, Searle K, Webb M, Yi H, Ferreira PA (2012) Ranbp2 haploin-
sufficiency mediates distinct cellular and biochemical phenotypes
in brain and retinal dopaminergic and glia cells elicited by the
parkinsonian neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (mptp). Cell Mol Life Sci 69(20):3511-3527. https://doi.
org/10.1007/s00018-012-1071-9

Cho K-I, Yi H, Tserentsoodol N, Searle K, Ferreira PA (2010) Neuropro-
tection resulting from insufficiency of Ranbp?2 is associated with the
modulation of protein and lipid homeostasis of functionally diverse
but linked pathways in response to oxidative stress. Dis Model
Mech 3(9-10):595-604. https://doi.org/10.1242/dmm.004648

Clotet-Freixas S, McEvoy CM, Batruch I, Pastrello C, Kotlyar M, Van
JAD, Arambewela M, Boshart A, Farkona S, Niu Y, Li Y, Famure
O, Bozovic A, Kulasingam V, Chen P, Kim SJ, Chan E, Moshkel-
gosha S, Rahman SA, Das J, Martinu T, Juvet S, Jurisica I, Chrus-
cinski A, John R, Konvalinka A (2020) Extracellular matrix injury
of kidney allografts in antibody-mediated rejection: a proteomics
study. J Am Soc Nephrol 31(11):2705-2724. https://doi.org/10.
1681/ASN.2020030286

@ Springer


https://doi.org/10.1007/s00253-022-11861-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.celrep.2018.08.015
https://doi.org/10.1016/j.celrep.2018.08.015
https://doi.org/10.1016/j.taap.2005.12.002
https://doi.org/10.1016/j.taap.2005.12.002
https://doi.org/10.1021/pr300476w
https://doi.org/10.1021/pr300476w
https://doi.org/10.1371/journal.pone.0151529
https://doi.org/10.1371/journal.pone.0151529
https://doi.org/10.1515/BC.2008.029
https://doi.org/10.1016/j.devcel.2009.04.003
https://doi.org/10.1016/j.devcel.2009.04.003
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1002/bit.27247
https://doi.org/10.1002/bit.27247
https://doi.org/10.1007/s00018-012-1071-9
https://doi.org/10.1007/s00018-012-1071-9
https://doi.org/10.1242/dmm.004648
https://doi.org/10.1681/ASN.2020030286
https://doi.org/10.1681/ASN.2020030286

2584

Applied Microbiology and Biotechnology (2022) 106:2569-2586

Dmitrieva NI, Cui K, Kitchaev DA, Zhao K, Burg MB (2011) DNA
double-strand breaks induced by high NaCl occur predominantly
in gene deserts. Proc Natl Acad Sci USA 108(51):20796-20801.
https://doi.org/10.1073/pnas.1114677108

Espinosa-Diez C, Miguel V, Mennerich D, Kietzmann T, Sanchez-
Pérez P, Cadenas S, Lamas S (2015) Antioxidant responses and
cellular adjustments to oxidative stress. Redox Biol 6:183-197.
https://doi.org/10.1016/j.redox.2015.07.008

Esposito LA, Kokoszka JE, Waymire KG, Cottrell B, MacGregor
GR, Wallace DC (2000) Mitochondrial oxidative stress in mice
lacking the glutathione peroxidase-1 gene. Free Radic Biol Med
28(5):754-766. https://doi.org/10.1016/s0891-5849(00)00161-1

Finn RD, Attwood TK, Babbitt PC, Bateman A, Bork P, Bridge AJ,
Chang H-Y, Dosztanyi Z, El-Gebali S, Fraser M, Gough J, Haft
D, Holliday GL, Huang H, Huang X, Letunic I, Lopez R, Lu S,
Marchler-Bauer A, Mi H, Mistry J, Natale DA, Necci M, Nuka G,
Orengo CA, Park Y, Pesseat S, Piovesan D, Potter SC, Rawlings
ND, Redaschi N, Richardson L, Rivoire C, Sangrador-Vegas A,
Sigrist C, Sillitoe I, Smithers B, Squizzato S, Sutton G, Thanki N,
Thomas PD, Tosatto SCE, Wu CH, Xenarios I, Yeh L-S, Young
S-Y, Mitchell AL (2016) Interpro in 2017—beyond protein family
and domain annotations. Nucleic Acids Res 45(D1):D190-D199.
https://doi.org/10.1093/nar/gkw1107

Fung KYY, Dai L, Trimble WS (2014) Cell and molecular biology of
septins. Int Rev Cell Mol Biol 310:289-339. https://doi.org/10.
1016/B978-0-12-800180-6.00007-4

Fusco A, Fedele M (2007) Roles of HMGA proteins in cancer. Nat Rev
Cancer 7(12):899-910. https://doi.org/10.1038/nrc2271

Gao W, Li Q, Zhu R, Jin J (2016) La autoantigen induces ribosome
binding protein 1 (RRBP1) expression through internal ribosome
entry site (IRES)-mediated translation during cellular stress con-
dition. Int J Mol Sci 17(7):1174. https://doi.org/10.3390/ijms1
7071174

Geiger T, Wehner A, Schaab C, Cox J, Mann M (2012) Comparative
proteomic analysis of eleven common cell lines reveals ubiquitous
but varying expression of most proteins. Mol Cell Proteomics
11(3):M111.014050. https://doi.org/10.1074/mcp.M111.014050

Gibbs S, Fijneman R, Wiegant J, van Kessel AG, van De Putte P, Back-
endorf C (1993) Molecular characterization and evolution of the
SPRR family of keratinocyte differentiation markers encoding
small proline-rich proteins. Genomics 16(3):630-637. https://
doi.org/10.1006/geno.1993.1240

Gilden JK, Peck S, Chen Y-CM, Krummel MF (2012) The septin
cytoskeleton facilitates membrane retraction during motility and
blebbing. J Cell Biol 196(1):103—-114. https://doi.org/10.1083/jcb.
201105127

Hamman BD, Hendershot LM, Johnson AE (1998) BiP maintains the
permeability barrier of the ER membrane by sealing the lumenal
end of the translocon pore before and early in translocation. Cell
92(6):747-758. https://doi.org/10.1016/s0092-8674(00)81403-8

Han YK, Kim Y-G, Kim JY, Lee GM (2010) Hyperosmotic stress
induces autophagy and apoptosis in recombinant Chinese hamster
ovary cell culture. Biotechnol Bioeng 105(6):1187-1192. https://
doi.org/10.1002/bit.22643

Hartley F, Walker T, Chung V, Morten K (2018) Mechanisms driving
the lactate switch in Chinese hamster ovary cells. Biotechnol Bio-
eng 115(8):1890-1903. https://doi.org/10.1002/bit.26603

Heffner K, Hizal DB, Majewska NI, Kumar S, Dhara VG, Zhu J, Bowen
M, Hatton D, Yerganian G, Yerganian A, O’Meally R, Cole R,
Betenbaugh M (2020) Expanded Chinese hamster organ and cell
line proteomics profiling reveals tissue-specific functionalities. Sci
Rep 10(1). https://doi.org/10.1038/s41598-020-72959-8.

Herbert KJ, Ashton TM, Prevo R, Pirovano G, Higgins GS (2018)
T-lak cell-originated protein kinase (topk): an emerging target for
cancer-specific therapeutics. Cell Death Dis 9(11):1089. https://
doi.org/10.1038/s41419-018-1131-7

@ Springer

Huerta-Cepas J, Szklarczyk D, Heller D, Hernandez-Plaza A, Forslund
SK, Cook H, Mende DR, Letunic I, Rattei T, Jensen LJ, von Mer-
ing C, Bork P (2018) Eggnog 5.0: a hierarchical, functionally
and phylogenetically annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acids Res 47(D1):D309-
D314. https://doi.org/10.1093/nar/gky 1085

Ighodaro OM, Akinloye OA (2018) First line defence antioxidants-
superoxide dismutase (SOD), catalase (cat) and glutathione per-
oxidase (Gpx): Their fundamental role in the entire antioxidant
defence grid. Alexandria J Med 54(4):287-293. https://doi.org/
10.1016/j.ajme.2017.09.001

Itakura E, Zavodszky E, Shao S, Wohlever ML, Keenan RJ, Hegde RS
(2016) Ubiquilins chaperone and triage mitochondrial membrane
proteins for degradation. Mol Cell 63(1):21-33. https://doi.org/10.
1016/j.molcel.2016.05.020

Jarc E, Petan T (2019) Lipid droplets and the management of cellular
stress. Yale J Biol Med 92(3):435-452

Jeon S-M, Chandel NS, Hay N (2012) Ampk regulates NADPH
homeostasis to promote tumour cell survival during energy
stress. Nature 485(7400):661-665. https://doi.org/10.1038/
naturel1066

Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M (2016)
KEGG as a reference resource for gene and protein annotation.
Nucleic Acids Res 44(D1):D457-D462. https://doi.org/10.1093/
nar/gkv1070

Kaushik P, Henry C-B, M, Barron N, Meleady P, (2020) LC-MS/
MS-based quantitative proteomic and phosphoproteomic analy-
sis of CHO-K1 cells adapted to growth in glutamine-free media.
Biotechnol Lett 42(12):2523-2536. https://doi.org/10.1007/
$10529-020-02953-7

Kiehl TR, Shen D, Khattak SF, Jian Li Z, Sharfstein ST (2011) Obser-
vations of cell size dynamics under osmotic stress. Cytometry A
T9A(7):560-569. https://doi.org/10.1002/cyt0.a.21076

Kol S, Ley D, Wulft T, Decker M, Arnsdorf J, Schoffelen S, Hansen
AH, Jensen TL, Gutierrez JM, Chiang AWT, Masson HO, Palsson
BO, Voldborg BG, Pedersen LE, Kildegaard HF, Lee GM, Lewis
NE (2020) Multiplex secretome engineering enhances recom-
binant protein production and purity. Nat Commun 11(1):1908.
https://doi.org/10.1038/s41467-020-15866-w

Kultz D, Chakravarty D (2001) Hyperosmolality in the form of elevated
NaCl but not urea causes DNA damage in murine kidney cells.
Proc Natl Acad Sci USA 98(4):1999-2004. https://doi.org/10.
1073/pnas.98.4.1999

Lee JH, Jeong YR, Kim Y-G, Lee GM (2017) Understanding of
decreased sialylation of Fc-fusion protein in hyperosmotic
recombinant Chinese hamster ovary cell culture:
N-glycosylation gene expression and N-linked glycan antennary
profile. Biotechnol Bioeng 114(8):1721-1732. https://doi.org/
10.1002/bit.26284

Lee MS, Kim KW, Kim YH, Lee GM (2003) Proteome analysis of
antibody-expressing CHO cells in response to hyperosmotic pres-
sure. Biotechnol Prog 19(6):1734-1741. https://doi.org/10.1021/
bp034093a

Leong D SZ, Teo B KH, Tan J GL, Kamari H, Yang YS, Zhang P, Ng
SK (2018) Application of maltose as energy source in protein-
free CHO-K1 culture to improve the production of recombinant
monoclonal antibody. Sci Rep 8(1). https://doi.org/10.1038/
s41598-018-22490-8.

Letunic I, Bork P (2017) 20 years of the smart protein domain annota-
tion resource. Nucleic Acids Res 46(D1):D493-D496. https://doi.
org/10.1093/nar/gkx922

Li D, Mukai K, Suzuki T, Suzuki R, Yamashita S, Mitani F, Suematsu
M (2007) Adrenocortical zonation factor lem1 is a novel matri-
cellular protein promoting integrin-mediated adhesion of adreno-
cortical and vascular smooth muscle cells. FEBS J 274(10):2506—
2522. https://doi.org/10.1111/j.1742-4658.2007.05786.x


https://doi.org/10.1073/pnas.1114677108
https://doi.org/10.1016/j.redox.2015.07.008
https://doi.org/10.1016/s0891-5849(00)00161-1
https://doi.org/10.1093/nar/gkw1107
https://doi.org/10.1016/B978-0-12-800180-6.00007-4
https://doi.org/10.1016/B978-0-12-800180-6.00007-4
https://doi.org/10.1038/nrc2271
https://doi.org/10.3390/ijms17071174
https://doi.org/10.3390/ijms17071174
https://doi.org/10.1074/mcp.M111.014050
https://doi.org/10.1006/geno.1993.1240
https://doi.org/10.1006/geno.1993.1240
https://doi.org/10.1083/jcb.201105127
https://doi.org/10.1083/jcb.201105127
https://doi.org/10.1016/s0092-8674(00)81403-8
https://doi.org/10.1002/bit.22643
https://doi.org/10.1002/bit.22643
https://doi.org/10.1002/bit.26603
https://doi.org/10.1038/s41598-020-72959-8
https://doi.org/10.1038/s41419-018-1131-7
https://doi.org/10.1038/s41419-018-1131-7
https://doi.org/10.1093/nar/gky1085
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.1016/j.molcel.2016.05.020
https://doi.org/10.1016/j.molcel.2016.05.020
https://doi.org/10.1038/nature11066
https://doi.org/10.1038/nature11066
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1007/s10529-020-02953-7
https://doi.org/10.1007/s10529-020-02953-7
https://doi.org/10.1002/cyto.a.21076
https://doi.org/10.1038/s41467-020-15866-w
https://doi.org/10.1073/pnas.98.4.1999
https://doi.org/10.1073/pnas.98.4.1999
https://doi.org/10.1002/bit.26284
https://doi.org/10.1002/bit.26284
https://doi.org/10.1021/bp034093a
https://doi.org/10.1021/bp034093a
https://doi.org/10.1038/s41598-018-22490-8
https://doi.org/10.1038/s41598-018-22490-8
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1111/j.1742-4658.2007.05786.x

Applied Microbiology and Biotechnology (2022) 106:2569-2586

2585

Li S, Shu F-j, Li Z, Jaafar L, Zhao S, Dynan WS (2017a) Cell-type
specific role of the RNA-binding protein, NONO, in the DNA
double-strand break response in the mouse testes. DNA Repair
51:70-78. https://doi.org/10.1016/j.dnarep.2017.02.002

Li Y, Liu H, Zeng W, Wei J (2017b) Edaravone protects against
hyperosmolarity-induced oxidative stress and apoptosis in pri-
mary human corneal epithelial cells. PLoS ONE 12(3):e0174437.
https://doi.org/10.1371/journal.pone.0174437

Lin P, Yao Y, Hofmeister R, Tsien RY, Farquhar MG (1999) Overex-
pression of calnuc (nucleobindin) increases agonist and thapsigar-
gin releasable Ca®* storage in the Golgi. J Cell Biol 145(2):279—
289. https://doi.org/10.1083/jcb.145.2.279

Lu P, Takai K, Weaver VM, Werb Z (2011) Extracellular matrix deg-
radation and remodeling in development and disease. Cold Spring
Harb Perspect Biol 3(12):a005058-a005058. https://doi.org/10.
1101/cshperspect.a005058

Madonna R, Giovannelli G, Confalone P, Renna FV, Geng Y-J, Cate-
rina RD (2016) High glucose-induced hyperosmolarity contrib-
utes to COX-2 expression and angiogenesis: implications for dia-
betic retinopathy. Cardiovasc Diabetol 15(1). doi: https://doi.org/
10.1186/512933-016-0342-4.

Marvin KW, George MD, Fujimoto W, Saunders NA, Bernacki SH,
Jetten AM (1992) Cornifin, a cross-linked envelope precursor
in keratinocytes that is down-regulated by retinoids. Proc Natl
Acad Sci 89(22):11026-11030. https://doi.org/10.1073/pnas.89.
22.11026

Metge B, Ofori-Acquah S, Stevens T, Balczon R (2004) Stat3 activity
is required for centrosome duplication in Chinese hamster ovary
cells. J Biol Chem 279(40):41801-41806. https://doi.org/10.1074/
jbc.M407094200

Pan X, Alsayyari AA, Dalm C, Hageman JA, Wijffels R, Martens DE
(2019) Transcriptome analysis of CHO cell size increase during
a fed-batch process. Biotechnol J 14(3):1800156. https://doi.org/
10.1002/bi0t.201800156

Pan X, Dalm C, Wijffels R, Martens DE (2017) Metabolic characteri-
zation of a CHO cell size increase phase in fed-batch cultures.
Appl Microbiol Biotechnol 101(22):8101-8113. https://doi.org/
10.1007/s00253-017-8531-y

Patil H, Yoon D, Bhowmick R, Cai Y, Cho K-I, Ferreira PA (2019)
Impairments in age-dependent ubiquitin proteostasis and struc-
tural integrity of selective neurons by uncoupling Ran GTPase
from the Ran-binding domain 3 of Ranbp2 and identification of
novel mitochondrial isoforms of ubiquitin-conjugating enzyme
E2I (ubc9) and Ranbp2. Small GTPases 10(2):146-161. https://
doi.org/10.1080/21541248.2017.1356432

Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana
S, Kundu DJ, Inuganti A, Griss J, Mayer G, Eisenacher M, Pérez
E, Uszkoreit J, Pfeuffer J, Sachsenberg T, Yilmaz S, Tiwary S,
Cox J, Audain E, Walzer M, Jarnuczak AF, Ternent T, Brazma
A, Vizcaino JA (2019) The PRIDE database and related tools
and resources in 2019: improving support for quantification data.
Nucleic Acids Res 47(D1):D442-D450. https://doi.org/10.1093/
nar/gky1106

Pfizenmaier J, Junghans L, Teleki A, Takors R (2016) Hyperosmotic
stimulus study discloses benefits in ATP supply and reveals
miRNA/mRNA targets to improve recombinant protein produc-
tion of CHO cells. Biotechnol J 11(8):1037-1047. https://doi.
org/10.1002/biot.201500606

Pfizenmaier J, Matuszczyk J-C, Takors R (2015) Changes in intracellular
ATP-content of CHO cells as response to hyperosmolality. Biotechnol
Prog 31(5):1212—-1216. https://doi.org/10.1002/btpr.2143

Reeves R (2000) Structure and function of the HMGI(Y) family
of architectural transcription factors. Environ Health Perspect
108(Suppl 5):803-809. https://doi.org/10.1289/ehp.00108
s5803

Reeves R, Beckerbauer (2001) HMGI/Y proteins: flexible regulators
of transcription and chromatin structure. Biochim Biophys Acta
Gene Struct Expression 1519(1):13-29. https://doi.org/10.1016/
s0167-4781(01)00215-9

Rentz TJ, Poobalarahi F, Bornstein P, Sage EH, Bradshaw AD
(2007) SPARC regulates processing of procollagen I and
collagen fibrillogenesis in dermal fibroblasts. J Biol Chem
282(30):22062-22071. https://doi.org/10.1074/jbc.M7001
67200

Repetto MV, Winters MJ, Bush A, Reiter W, Hollenstein DM,
Ammerer G, Pryciak PM, Colman-Lerner A (2018) CDK and
MAPK synergistically regulate signaling dynamics via a shared
multi-site phosphorylation region on the scaffold protein Ste5.
Mol Cell 69(6):938-952.¢6. https://doi.org/10.1016/j.molcel.2018.
02.018

Romanova N, Niemann T, Greiner JEW, Kaltschmidt B, Kaltschmidt C,
Noll T (2021) Hyperosmolality in CHO culture: effects on cellular
behavior and morphology. Biotechnol Bioeng 18(6):2348-2359.
https://doi.org/10.1002/bit.27747

Ruepp A, Brauner B, Dunger-Kaltenbach I, Frishman G, Montrone
C, Stransky M, Waegele B, Schmidt T, Doudieu ON,
Stumpflen V, Mewes HW (2007) CORUM: the comprehensive
resource of mammalian protein complexes. Nucleic Acids Res
36 (Database issue):D646-D650. https://doi.org/10.1093/nar/
¢km936

Schelletter L, Albaum S, Walter S, Noll T, Hoffrogge R (2019)
Clonal variations in CHO IGF signaling investigated by SILAC-
based phosphoproteomics and LFQ-MS. Applied Micro-
biol Biotechnol 103(19):8127-8143. https://doi.org/10.1007/
$00253-019-10020-z.z

Schuldenfrei A, Belton A, Kowalski J, Talbot CC, Di Cello F, Poh W,
Tsai H-L, Shah SN, Huso TH, Huso DL, Resar LM (2011) Hmgal
drives stem cell, inflammatory pathway, and cell cycle progression
genes during lymphoid tumorigenesis. BMC Genomics 12(1):549.
https://doi.org/10.1186/1471-2164-12-549

Schwarzbauer JE, DeSimone DW (2011) Fibronectins, their fibrillo-
genesis, and in vivo functions. Cold Spring Harb Perspect Biol
3(7):a005041-a005041. https://doi.org/10.1101/cshperspect.
a005041

Sharker SM, Rahman MA (2020) Review of the current methods of
Chinese hamster ovary (CHO) cells cultivation for production of
therapeutic protein. Curr Drug Discov Technol 18(3):354-364.
https://doi.org/10.2174/1570163817666200312102137

Shen D, Kiehl TR, Khattak SF, Li ZJ, He A, Kayne PS, Patel V,
Neuhaus IM, Sharfstein ST (2010) Transcriptomic responses
to sodium chloride-induced osmotic stress: a study of industrial
fed-batch CHO cell cultures. Biotechnol Progr 26(4):1104-1115.
https://doi.org/10.1002/btpr.398

Singh B, Fleury C, Jalalvand F, Riesbeck K (2012) Human patho-
gens utilize host extracellular matrix proteins laminin and colla-
gen for adhesion and invasion of the host. FEMS Microbiol Rev
36(6):1122-1180. https://doi.org/10.1111/j.1574-6976.2012.
00340.x

Takagi M, Hayashi H, Yoshida T (2000) The effect of osmolarity on
metabolism and morphology in adhesion and suspension Chi-
nese hamster ovary cells producing tissue plasminogen activator.
Cytotechnology 32(3):171-179. https://doi.org/10.1023/A:10081
71921282

Tesfaigzi J, Carlson DM (1996) Cell cycle-specific expression of G
SPRI1 in Chinese hamster ovary cells. Exp Cell Res 228(2):277—
282. https://doi.org/10.1006/excr.1996.0327

Tesfaigzi Y, Wright PS, Belinsky SA (2003) SPRR1B overexpression
enhances entry of cells into the G, phase of the cell cycle. Am J
Physiol Lung Cell Mol Physiol 285(4):L889-L898. https://doi.
org/10.1152/ajplung.00065.2003

@ Springer


https://doi.org/10.1016/j.dnarep.2017.02.002
https://doi.org/10.1371/journal.pone.0174437
https://doi.org/10.1083/jcb.145.2.279
https://doi.org/10.1101/cshperspect.a005058
https://doi.org/10.1101/cshperspect.a005058
https://doi.org/10.1186/s12933-016-0342-4
https://doi.org/10.1186/s12933-016-0342-4
https://doi.org/10.1073/pnas.89.22.11026
https://doi.org/10.1073/pnas.89.22.11026
https://doi.org/10.1074/jbc.M407094200
https://doi.org/10.1074/jbc.M407094200
https://doi.org/10.1002/biot.201800156
https://doi.org/10.1002/biot.201800156
https://doi.org/10.1007/s00253-017-8531-y
https://doi.org/10.1007/s00253-017-8531-y
https://doi.org/10.1080/21541248.2017.1356432
https://doi.org/10.1080/21541248.2017.1356432
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1002/biot.201500606
https://doi.org/10.1002/biot.201500606
https://doi.org/10.1002/btpr.2143
https://doi.org/10.1289/ehp.00108s5803
https://doi.org/10.1289/ehp.00108s5803
https://doi.org/10.1016/s0167-4781(01)00215-9
https://doi.org/10.1016/s0167-4781(01)00215-9
https://doi.org/10.1074/jbc.M700167200
https://doi.org/10.1074/jbc.M700167200
https://doi.org/10.1016/j.molcel.2018.02.018
https://doi.org/10.1016/j.molcel.2018.02.018
https://doi.org/10.1002/bit.27747
https://doi.org/10.1093/nar/gkm936
https://doi.org/10.1093/nar/gkm936
https://doi.org/10.1007/s00253-019-10020-z.z
https://doi.org/10.1007/s00253-019-10020-z.z
https://doi.org/10.1186/1471-2164-12-549
https://doi.org/10.1101/cshperspect.a005041
https://doi.org/10.1101/cshperspect.a005041
https://doi.org/10.2174/1570163817666200312102137
https://doi.org/10.1002/btpr.398
https://doi.org/10.1111/j.1574-6976.2012.00340.x
https://doi.org/10.1111/j.1574-6976.2012.00340.x
https://doi.org/10.1023/A:1008171921282
https://doi.org/10.1023/A:1008171921282
https://doi.org/10.1006/excr.1996.0327
https://doi.org/10.1152/ajplung.00065.2003
https://doi.org/10.1152/ajplung.00065.2003

2586

Applied Microbiology and Biotechnology (2022) 106:2569-2586

Tsai H-Y, Yang Y-F, Wu AT, Yang C-J, Liu Y-P, Jan Y-H, Lee C-H,
Hsiao Y-W, Yeh C-T, Shen C-N, Lu P-J, Huang M-S, Hsiao
M (2013) Endoplasmic reticulum ribosome-binding protein 1
(Rrbp1) overexpression is frequently found in lung cancer patients
and alleviates intracellular stress-induced apoptosis through the
enhancement of Grp78. Oncogene 32(41):4921-4931. https://doi.
org/10.1038/onc.2012.514

Turrens JF (2003) Mitochondrial formation of reactive oxygen spe-
cies. J Physiol 552(2):335-344. https://doi.org/10.1113/jphysiol.
2003.049478

Tyanova S, Cox J (2018) Perseus: A Bioinformatics Platform for Inte-
grative Analysis of Proteomics Data in Cancer Research. Springer
New York, New York, NY, pp. 133-148. doi: https://doi.org/10.
1007/978-1-4939-7493-1_7

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann
M, Cox J (2016) The Perseus computational platform for compre-
hensive analysis of (prote)omics data. Nat Methods 13(9):731-
740. https://doi.org/10.1038/nmeth.3901

Unal ES, Zhao R, Qiu A, Goldman ID (2008) N-linked glycosylation
and its impact on the electrophoretic mobility and function of
the human proton-coupled folate transporter (HsPCFT). Biochim
Biophys Acta Biomembr 1778(6):1407—-1414. https://doi.org/10.
1016/j.bbamem.2008.03.009

Wojtas AM, Kang SS, Olley BM, Gatherer M, Shinohara M,
Lozano PA, Liu C-C, Kurti A, Baker KE, Dickson DW, Yue
M, Petrucelli L, Bu G, Carare RO, Fryer JD (2017) Loss of
clusterin shifts amyloid deposition to the cerebrovasculature via
disruption of perivascular drainage pathways. Proc Natl Acad Sci
114(33):E6962-E6971. https://doi.org/10.1073/pnas.1701137114

Wojtas AM, Sens JP, Kang SS, Baker KE, Berry, TJ, Kurti A,
Daughrity L, Jansen-West KR, Dickson DW, Petrucelli L, Bu G,
Liu C-C, Fryer JD (2020) Astrocyte-derived clusterin suppresses

@ Springer

amyloid formation in vivo. Mol Neurodegener 15(1). https://doi.
org/10.1186/s13024-020-00416-1

Xu J, Li H, Yang K, Guo S, Wang J, Feng C, Chen H (2019)
Hyper-osmolarity environment-induced oxidative stress injury
promotes nucleus pulposus cell senescence in vitro. Biosci Rep
39(9):BSR20191711. https://doi.org/10.1042/BSR20191711

Zhang KY, Yang S, Warraich ST, Blair IP (2014) Ubiquilin 2: a compo-
nent of the ubiquitin—proteasome system with an emerging role in
neurodegeneration. Int J Biochem Cell Biol 50:123-126. https://
doi.org/10.1016/j.biocel.2014.02.018

Zhao L, Moon H-J, Herring S (2021) Clusterin: a multifaceted protein
in the brain. Neural Regen Res 16(7):1438. https://doi.org/10.
4103/1673-5374.301013

Zhao R, Choi BY, Wei L, Fredimoses M, Yin F, Fu X, Chen H, Liu K,
Kundu JK, Dong Z, Lee M-H (2020) Acetylshikonin suppressed
growth of colorectal tumour tissue and cells by inhibiting the
intracellular kinase, T-lymphokine-activated killer cell-originated
protein kinase. Br J Pharmacol 177(10):2303-2319. https://doi.
org/10.1111/bph.14981

Zhou X, Naguro I, Ichijo H, Watanabe K (2016) Mitogen-activated
protein kinases as key players in osmotic stress signaling. Bio-
chim Biophys Acta 1860(9):2037-2052. https://doi.org/10.1016/j.
bbagen.2016.05.032

Zorov DB, Juhaszova M, Sollott SJ (2014) Mitochondrial reactive
oxygen species (ROS) and ROS-induced ROS release. Physiol
Rev 94(3):909-950. https://doi.org/10.1152/physrev.00026.
2013

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/onc.2012.514
https://doi.org/10.1038/onc.2012.514
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1007/978-1-4939-7493-1_7
https://doi.org/10.1007/978-1-4939-7493-1_7
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1016/j.bbamem.2008.03.009
https://doi.org/10.1016/j.bbamem.2008.03.009
https://doi.org/10.1073/pnas.1701137114
https://doi.org/10.1186/s13024-020-00416-1
https://doi.org/10.1186/s13024-020-00416-1
https://doi.org/10.1042/BSR20191711
https://doi.org/10.1016/j.biocel.2014.02.018
https://doi.org/10.1016/j.biocel.2014.02.018
https://doi.org/10.4103/1673-5374.301013
https://doi.org/10.4103/1673-5374.301013
https://doi.org/10.1111/bph.14981
https://doi.org/10.1111/bph.14981
https://doi.org/10.1016/j.bbagen.2016.05.032
https://doi.org/10.1016/j.bbagen.2016.05.032
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013

	Hyperosmolality in CHO cell culture: effects on the proteome
	Abstract
	Introduction
	Materials and methods
	Experimental setup
	Cell lysis and protein digestion
	Western blot
	nLC-ESI–MSMS
	nLC-ESI–MSMS data analysis

	Results
	Protein identification and quantification
	Differentially expressed proteins: “feed” vs. “control”
	Enriched gene annotations of regulated proteins
	STRING analysis of proteins with enriched gene annotations
	“Top ten” lists of differentially regulated proteins
	Western blot analysis of the selected differentially expressed targets

	Discussion
	Enriched annotations of regulated proteins on day 8 reveal mitochondrial metabolism activation, basement membrane changes, and response to oxidative stress
	STRING clustering highlights the interconnection of mitochondria-related proteins and basement membrane components
	The top ten up-regulated proteins counteract oxidative stress, mediate cell cycle arrest, and increase membrane stability
	The top ten down-regulated proteins are involved in protein degradation, RNA processing, and cell cycle arrest

	Acknowledgements 
	References


